Abstract: This paper presents a semi-analytical solution for the drained cylindrical cavity expansion problem using the well-known anisotropic modified Cam Clay model proposed by Dafalias (1987) . The prominent feature of this elastoplastic model, i.e., its capability to describe both the initial fabric anisotropy and stress-induced anisotropy of soils, makes the anisotropic elastoplastic solution derived herein for the cavity problem a more realistic one. Following the novel solution scheme developed by Chen and Abousleiman (2013) that links between the Eulerian and Lagrangian formulations of the condition of radial equilibrium, the plastic zone solution can be eventually obtained by solving a system of eight partial differential equations with the three stress components, three anisotropic hardening parameters, specific volume, and preconsolidation pressure being the basic unknowns. Parametric studies have then been conducted to explore the influences of ‫ܭ‬ consolidation anisotropy and overconsolidation ratio ‫,)ܴܥܱ(‬ and their pronounced impacts on the stress patterns outside the cavity as well as on the development of stress-induced anisotropy are clearly observed.
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Introduction
Cylindrical cavity expansion, one of the basic boundary value problems in theoretical geomechanics and geotechnical engineering (Yu 2000) , has received extensive attention over the past few decades (Gibson and Anderson 1961; Vesic 1972; Collins and Yu 1996; Ladanyi and Foriero 1998; Cudmani and Osinov 2001; Chen and Abousleiman 2016) , due to its versatile applications in the prediction of driven pile capacity and in the interpretation of pressuremeter and piezocone penetration tests. Much current research is aimed at the development of new/exact semi-analytical solution techniques (Chen and Abousleiman 2012, 2013) and the adoption of more realistic/sophisticated elastoplastic models for dealing with such problems (Chen and Abousleiman 2016, 2018; Li et al. 2016; Yu 2017a, 2017b; Sivasithamparam and Castro 2018) . Vesic (1972) appeared to be the first one to solve the cylindrical/spherical cavity expansion problems under both drained and undrained conditions using Mohr-Coulomb failure criterion, some approximations/simplifications had been made in the derivation of solutions though. Carter el al. (1986) investigated the expansion of cylindrical/spherical cavities in an ideal, cohesive frictional soil subjected to fully isotropic in situ stresses, and presented the pressure-expansion relation in a closed-form manner. Starting with the development of shear strain accumulated during the process of undrained expansion, Collins and Yu (1996) later proposed a theoretical framework that leads to analytical and semi-analytical solutions for cavity expanded in both original and modified Cam Clay soils. More recently, two novel solution methodologies have been developed by Chen and Abousleiman (2012, 2013) , which do not require any approximations to be made about the mean and deviatoric stresses to solve the undrained and drained cylindrical cavity expansion problems in modified Cam Clay soil. The same authors D r a f t subsequently expanded upon their solution techniques, by applying the more advanced model of bounding surface plasticity, to tackle the drained/undrained cavity contraction problems with applications in tunnelling and wellbore drilling (Chen and Abousleiman 2016) .
Given the fact that natural clayey soils are inevitably anisotropic due to the deposition process and subsequent loading history (Tavernas and Leroueil 1977; Banerjee and Yousif 1986; Voyiadjis and Song 2000; Wheeler et al. 2003) , some cavity expansion solutions on account of the mechanical anisotropy of soils recently have also been developed, though quite limited. For example, Kolymbas et al. (2012) analyzed the cylindrical cavity expansion problem in an analytical fashion based on the assumption of cross-anisotropic linear elastic material, and then applied the obtained approximate solution to back calculate the anisotropic parameters of rock mass surrounding the tunnel Mais. Li et al. (2016 Li et al. ( , 2017 , on the other hand, following the methods proposed by Chen and Abousleiman (2012, 2013) , developed semi-analytical solutions for the undrained and drained cavity expansion problems in ‫ܭ‬ consolidated, anisotropic elastoplastic soils, but the rotation of the yield surface was deemed to be relevant merely to the inherent sedimentation anisotropy and be fixed in the stress space. This limitation has been overcome in a most recent paper by Chen and Liu (2018) , who offered a rigorous cavity expansion solution under undrained condition with the due consideration of both initial deposition and stress-induced anisotropy, using the well-known rotational hardening elastoplastic model proposed by Dafalias (1987) . It is worthy to mention that a similar undrained solution was also simultaneously and independently derived by Sivasithamparam and Castro (2018) , where a different anisotropic elastoplastic model S-CLAY1 (Wheeler et al. 2003) incorporating both plastic volumetric strain and plastic shear strain within the rotational hardening rule has been employed in their formulations.
The present paper continues on the theme of developing analytical solutions for cavity expansion in elastoplastic soils, this time with an extension of the work of Chen and Liu (2018) from undrained to drained loading conditions. The derivation presented in this work is again based on Dafalias' (1987) representative anisotropic Cam Clay model and on the leverage of the solution procedure originally proposed by Chen and Abousleiman (2013) , which enables an innovative conversion of the radial equilibrium equation between Eulerian and Lagrangian forms. It is found that the plastic zone solution can be eventually obtained by solving a system of eight partial differential equations with the three stress components, three anisotropic hardening parameters, specific volume, and preconsolidation pressure being the basic unknowns. Intensive parametric studies have been conducted firstly to validate the present anisotropic solutions and check its accuracy, and then to investigate the influences of ‫ܭ‬ consolidation anisotropy and of the overconsolidation ratio ‫.)ܴܥܱ(‬ The numerical results clearly demonstrate the significant impacts of these two key parameters on the stress patterns outside the cavity and the development of stress-induced anisotropy as well. The proposed analytical solution provides a useful benchmark from which the numerical results may be evaluated for various geotechnical boundary value problems involving the sophisticated anisotropic critical state plasticity models.
Problem statement and assumptions
Consider a cylindrical cavity with initial radius of ܽ , being expanded in a fully saturated anisotropic modified Cam Clay soil (Dafalias 1987) whose in situ stresses are, respectively, ߪ in the horizontal plane and ߪ ௩ in the vertical direction, as shown in Fig. 1 . Note that for the drained expansion problem, all the stresses are pertaining to the effective stresses (Chen and Abousleimna 2013) . As is usually done in the previous studies, the deformation of the soil surrounding the cavity is assumed to be in conditions of axial symmetry and plane strain and, D r a f t therefore, the problem actually becomes one-dimensional.
When the internal pressure is increased from its initial value ߪ (equal to ߪ ) to the current one of ߪ , the cavity concurrently will be expanded to a larger radius of ܽ. At this particular moment a generic soil particle initially at ‫ݎ‬ ௫ has moved outward to a new position of ‫ݎ‬ ௫ , and the corresponding position of the elastic-plastic interface is denoted by ‫ݎ‬ , which was originally located at ‫ݎ‬ . Fig. 1 illustrates the scenario that involves only a plastic deformation annulus ܽ ≤ ‫ݎ‬ ≤ ‫ݎ‬ and an external, purely elastic region beyond the radius ‫ݎ‬ = ‫ݎ‬ . However, if the cavity is further and sufficiently expanded, one may expect that a third critical state region would be formed immediately outside the cavity, encompassed by the above two regions of elastic and plastic deformations.
As in Chen and Liu (2018) , to simplify the mathematical derivation so as to obtain the semianalytical elastoplastic solution, no attempt will be made in the present work to incorporate the elastic anisotropy of soil behaviour. Nevertheless, it is supposed herein that the shear modulus ‫ܩ‬ and Young's modulus ‫ܧ‬ are both dependent on the mean stress ‫‬ and specific volume ‫ݒ‬ within the critical state soil mechanics framework (Schofield and Wroth, 1968) , and take the following
where ߤ is Poisson's ratio and assumed to have a constant value in this paper; ߢ is the slope of swelling line in the ‫ݒ‬ − ln‫‬ compression plane. The mean stress ‫,‬ along with the deviatoric stress ‫,ݍ‬ can be rigorously expressed as follows for the cylindrical cavity expansion problem (Chen and Abousleiman 2013 
where ߪ , ߪ ఏ and ߪ ௭ denote the three principal stresses in the radial, tangential, and vertical directions, with compressive stresses being considered positive.
Anisotropic modified Cam Clay model
Based on the fundamental work equation and assumption of energy dissipation balance, Dafalias (1987) made a classical extension of the modified Cam Clay model (Roscoe and Burland 1968 ) from isotropy to anisotropy, through the introduction of a non-dimensional parameter ߙ that measures the degree of plastic anisotropy of the soil in the triaxial space. The generalization of the model has also been proposed by Dafalias (1987) to include the threedimensional stress conditions, for which the scalar rotational hardening parameter ߙ yet needs to be appropriately replaced by a second order deviatoric tensor ߙ . Fig. 2 shows a schematic illustration of the anisotropic modified Cam Clay model in the principal stress space and in the triaxial ‫‬ − ‫ݍ‬ plane as well.
As pointed out in Chen and Liu (2018) , for a cylindrical cavity expanded in ‫ܭ‬ consolidated, initially transversely isotropic soils, all the three off-diagonal components of the deviatoric anisotropic tensor ߙ , i.e., ߙ ఏ , ߙ ௭ , and ߙ ఏ௭ , must remain vanishing throughout the entire expansion process due to the axisymmetric nature of the problem. Dafalias' (1987) anisotropic Cam Clay model for such a particular boundary value problem, therefore, may be formulated as follows
where ‫ܨ‬ represents the yield function; ߣ is the slope of normal compression line; ‫‬ is the volumetric hardening parameter denoting the preconsolidation pressure and essentially controlling the size of the distorted ellipsoidal yield surface, see the lower half of Fig. 2 ; ‫ܯ‬ is the critical state ratio; ‫ݔ‬ and ܿ are two additional model constants pertinent to the level and pace of the plastic anisotropy development; ߉ is the plastic multiplier; sign stands for the signum function, ‫ݏ‬ = ߪ − ‫,‬ ‫ݏ‬ ఏ = ߪ ఏ − ‫,‬ and ‫ݏ‬ ௭ = ߪ ௭ − ‫‬ give the radial, tangential, and vertical deviatoric stresses; ߙ , ߙ ఏ , and ߙ ௭ correspond to the three non-zero components of the anisotropic tensor in the radial, tangential, and vertical directions, respectively; and ‫ߙܦ‬ , ‫ߙܦ‬ ఏ , and ‫ߙܦ‬ ௭ denote the associated infinitesimal changes of a given soil particle.
Cavity expansion boundary value problem

GOVERNING EQUILIBRIUM EQUATION
At each point in the deformed configuration, the stress equilibrium condition can be expressed as
in which ‫ݎ‬ is the current radial position of a soil particle and 
SOLUTION IN ELASTIC REGION
In the elastic region ‫ݎ‬ ≥ ‫ݎ‬ , the displacements and strains are very small so an infinitesimal deformation will be assumed for the soil mass. For any material point currently located at ‫ݎ‬ in the elastic region, during the cavity expansion process, its radial and tangential strain increments ‫ߝܦ‬ and ‫ߝܦ‬ ఏ can be written as (compression taken as positive)
where ‫ݑܦ‬ denotes the differential displacement of the given material point in the radial direction, while
should be understood as the spatial derivative with respect to the radial coordinate ‫ݎ‬ (Eulerian description). These two incremental strains together with the one in ‫ݖ‬ direction, ‫ߝܦ‬ ௭ , under the isotropic assumption of elastic behaviour, are related to the stress increments ‫ߪܦ‬ , ‫ߪܦ‬ ఏ , and ‫ߪܦ‬ ௭ of the particle as follows
where the Young's modulus ‫,ܧ‬ as described earlier, shall be mean stress and specific volume dependent.
At the beginning of the expansion of cavity, the deformation of the soil is purely elastic with the Young's modulus ‫ܧ‬ and shear modulus ‫ܩ‬ equal to their initial values ‫ܧ‬ and ‫ܩ‬ , respectively.
Following the theory of elasticity (Timoshenko and Goodier 1970) , the first instant incremental solutions for the stresses and radial displacement can be easily found to be
where the notation ‫ߪܦ‬ is used for the radial stress increment at the cavity wall over its initial value of ߪ . It should be emphasized that the above expressions are valid only in case that ‫ܧ‬ and ‫ܩ‬ are constants for any material particle in the elastic zone.
From Eqs. (13)- (15) one has
which combined with Eq. (12) gives
where
is the volumetric strain increment.
Eqs. (17) and (18) indicate that both the specific volume and mean stress must remain constants for any point in the elastic region when the internal cavity pressure is increased by an infinitesimal amount of ‫ߪܦ‬ . This is a desirable feature and indeed a natural outcome of the tackled cylindrical cavity boundary value problem (Chen 2012) . As a consequence, from Eq. (1) ‫ܧ‬ and ‫ܩ‬ should also stay constants after this loading increment. Eqs. (13)- (16) therefore can again be used to obtain the corresponding stress and displacement increments for the next increment of the cavity pressure, which invariably ends up with constant Young's modulus and shear modulus equal to ‫ܧ‬ and ‫ܩ‬ , respectively, in the whole elastic region. The process can thus be repeated until the cavity pressure is finally increased to the current value of ߪ . The only point
however to note is that, after the plastic zone has been formed outside the cavity, ܽ and ‫ߪܦ‬ appearing in Eqs. (13)- (16) should be replaced, respectively, by ‫ݎ‬ ௫ pertaining to the instantaneous position of the particle which is originally located at ‫ݎ‬ while currently at the elastic-plastic interface ‫ݎ‬ and the corresponding radial stress increment at ‫ݎ‬ = ‫ݎ‬ ௫ .
From the above analysis it is quite evident that the Young's modulus and shear modulus always remain unchanged in the external elastic region, throughout the cavity expansion. The solutions for stresses and radial displacement thus can be directly obtained as (Timoshenko and Goodier 1970)
where ߪ denotes the radial stress at the elastic-plastic interface ‫ݎ‬ = ‫ݎ‬ .
SOLUTION IN PLASTIC REGION
Elastoplastic constitutive relationship
Consider now the plastic region as indicated in Fig. 1 , which will progressively develop and spread from the cavity surface to the surrounding soils when the internal pressure ߪ is gradually increased above ߪ . In this region, the total strain increments ‫ߝܦ‬ , ‫ߝܦ‬ ఏ , and ‫ߝܦ‬ ௭ may be written as the sum of the elastic and plastic components 
Eqs. (24a)-(24c) in combination with Eq. (12) hence lead to the desired elastoplastic constitutive equation as follows
which obviously are all explicit functions of the stress components ߪ , ߪ ఏ , and ߪ ௭ , specific volume ‫,ݒ‬ volumetric hardening parameter ‫‬ , and of the anisotropic hardening variables ߙ , ߙ ఏ , and ߙ ௭ . It is important for us to appreciate that the above equations (26) and (27a) 
Formulation within Eulerian framework
One major contribution that was made by Chen and Abousleiman (2013) in solving the drained cavity expansion problem had been the introduction of an innovative, suitably chosen
, which enables converting the Eulerian equilibrium equation (9) to an equivalent Lagrangian form so as to be consistent with the already Lagangain-based constitutive relations (26). Following basically the similar procedure as proposed in Chen and Abousleiman (2013) and bearing in mind the resemblance of equilibrium and constitutive equations between the isotropic and anisotropic Cam Clay models, one may readily derive the following four governing differential equations for the three stresses and specific volume
where క is well known as the material derivative with respect to the auxiliary variable ߦ, associated with the motion of a specific soil particle (Lagrangian description); and ‫ݒ‬ denotes the initial specific volume. It is observed that the right sides of Eqs. (28a)-(28d) all have been involved with and explicitly expressed as functions of the eight unknown variables, i.e., ߪ , ߪ ఏ , ߪ ௭ , ‫,ݒ‬ ‫‬ , ߙ , ߙ ఏ , and ߙ ௭ . Four additional differential equations that govern the three anisotropic hardening variables as well as the volumetric hardening variable therefore are required to make the problem fully solvable. This accomplishment will be described in the next subsection.
Differential equations for evolution of plastic anisotropy
The increment of plastic volumetric strain ‫ߝܦ‬ ௩ is simply given by of a given particle, evaluated when it is just entering into the plastic state. It is easily seen that the initial conditions for the latter four hardening parameters are simply given by
where ‫‬ , is the initial value of ‫‬ before the expansion of cavity; and ߙ , , ߙ ఏ, , and ߙ ௭, are, respectively, the components of the initial anisotropic hardening tensors in the radial, tangential, and vertical directions. While the required value of ߦ and the corresponding stress components as well as the specific volume can be fully determined from the already derived solutions for the outer elastic region, as is shown below.
First, it is evident that the stresses ߪ (ߦ ), ߪ ఏ (ߦ ), and ߪ ௭ (ߦ ) and the displacement ‫ݑ‬ (ߦ ) must satisfy the elastic region solutions given by Eqs. (19)- (22), which results in
where Eq. (40) 
Eqs. (33)- (36), together with Eqs. (38)- (40) and (42)- (43), provide explicitly all the required initial conditions and suffice to solve the system of differential equations (28a)-(28d) and (32a)-(32d) governing the anisotropic elastoplastic cavity expansion problem under drained conditions.
SOLUTIONS IN CONNECTION WITH RADIAL COORDINATE
At this stage it should be emphasized that the solutions resulting from Eqs. (28a)-(28d) and (32a)-(32d) are indeed expressed in relation to the auxiliary variable ߦ rather than to the particle position ‫.ݎ‬ For completeness of the solution, a link between ߦ and ‫ݎ‬ is thus demanded and can be established following the conversion technique proposed by Chen and Abousleiman (2013) as
And for the particular position of the current elastic-plastic interface ‫ݎ‬ ,
Results and discussions
With the aid of the symbolic computational software Mathematica 11.0, this section presents the numerical results for the cylindrical cavity expansion under drained condition in an anisotropic modified Cam Clay soil. Intensive parametric studies have been conducted firstly for verification of the proposed anisotropic formulations and solution scheme. Thereafter, the significant effects of ‫ܭ‬ consolidation as well as the subsequent stress-induced anisotropy are highlighted by making comparisons between Chen and Abousleiman's (2013) isotropic results and the current anisotropic ones. Finally, the influences of overconsolidation ratio ‫)ܴܥܱ(‬ on the stress patterns outside the cavity, the development of stress-induced anisotropy, as well as on the stress path followed by a soil particle are examined to some extent.
VERIFICATION WITH EXISTING ISOTROPIC/ANISOTROPIC SOLUTIONS
For the purposes of verification with the isotropic case (Chen and Abousleiman 2013), the current cavity expansion formulation/solution is implemented numerically in such a way that the controlling anisotropic plasticity parameters are taken sufficiently small, i.e., ܿ → 0, ߙ → 0, ߙ ఏ → 0, and ߙ ௭ → 0. The reason for so doing instead of setting an exact zero value for these parameters is obvious, to retain the plastic anisotropy feature of the soil (though negligible) throughout the calculation and thus provide a true validation of the current anisotropic elastoplastic solution. On the other hand, to make comparison with the existing anisotropic results for ‫ܭ‬ consolidated soils (Li et al. 2017 (2013) and Li et al. (2017) , the validation of the present anisotropic formulations and solutions is evidently justified.
INFLUENCES OF ۹ CONSOLIDATION AND SUBSEQUENT STRESS-INDUCED ANISOTROPY
The effects of initial ‫ܭ‬ consolidation and subsequent stress-induced anisotropy are evaluated on the cavity expansion curve (i.e., ߪ − ܽ relationship), distributions of stress components and specific volume, variations of the anisotropic and volumetric hardening parameters, and on the ‫‬ − ‫ݍ‬ stress path for a soil element at the cavity wall as well. The soil parameters used in the calculations are those related to case ‫ܣ‬ with ‫ܴܥܱ‬ = 1, as described in Table 2 . The stress paths in the ‫‬ − ‫ݍ‬ plane followed by a soil element at the cavity surface are further plotted and compared in Fig. 9 . For both anisotropic and isotropic Cam Clay models, the in situ stress state is represented by the same point ‫ܣ‬ with ‫‬ = 69.9 kPa and ‫ݍ‬ = 44.9 kPa.
During the cavity expansion, each of the two stress paths approaches asymptotically the critical state line from the "wet" side, with the anisotropic one targeting at a relatively lower stress level D r a f t yet seemingly a faster pace. The current yield surfaces, meanwhile, become progressively larger so as to accommodate the plastic straining and new stress state, as indicated by the two yield loci passing through points ‫ܨ‬ and ‫′ܨ‬ (Fig. 9) . It is as expected that with the use of isotropic Cam Clay model, the yield locus always remains symmetric about the ‫‬ axis during the course of cavity expansion. However, the same would not be true for the anisotropic case. From Fig. 9 , it is clearly seen that the initial solid yield locus passing ‫ܣ‬ is already inclined to the ‫‬ axis as a result of the ‫ܭ‬ consolidation. The magnitude of such inclination, on the other hand, must further change in accordance with the cavity expansion process to appropriately reflect the rotational hardening of the anisotropic elastoplastic model employed.
INFLUENCES OF OVERCONSOLIDATION RATIO
To facilitate the parametric analysis, three different values of ‫ܴܥܱ‬ = 1, 2, and 4 are examined to investigate how it influences the responses of cavity. Here ‫ܴܥܱ‬ is defined as the ratio of past maximum effective vertical stress ߪ ௩,௫ to the in situ vertical effective stress ߪ ௩ , which is different from the isotropic overconsolidatoin ratio ܴ as used in Chen and Abousleiman (2013) in terms of the mean effective stress. The soil parameters for these three cases are given in Table 2 , which have the same set-up as used in Chen and Liu (2018) . Fig. 10 illustrates that the predicted magnitude of the cavity pressure ߪ decreases with the increase of ‫,ܴܥܱ‬ and so does the ultimate cavity pressure. Nevertheless, for all the three values of ‫ܴܥܱ‬ considered, the respective limiting cavity pressures are approached at almost the same expanded cavity size of బ = 7 or beyond. The general trend in this figure is that the stresses increase with decreasing in the plastic region, except for the normally consolidated case of ‫ܴܥܱ‬ = 1 in which both ߪ ఏ and ߪ ௭ first tend to drop down to certain minimum values, and then climb up progressively in the closer vicinity of the cavity. It is found that all the three stress components at the cavity surface decreases monotonically with the increase of ‫,ܴܥܱ‬ though probably not very markedly. For example, ߪ (ܽ) reduces from 254.0 kPa to 226.7 kPa as ‫ܴܥܱ‬ ranges from 1 to 4, indicating that a lower cavity expansion pressure is required to double the cavity radius ( బ = 2) for a moderately overconsolidated soil. The observed somewhat steep slopes in the near-cavity parts of the ߪ and ߪ ௭ curves imply that the soil particles even very close to the cavity wall still have not reached the critical failure state, a similar phenomenon having been reported in Chen and Abousleiman (2013) for the solution of cavity expansion in isotropic Cam Clay soil. Finally, it is interesting to note that throughout the range of ‫ܴܥܱ‬ from 1 to 4, the change in the specific volume ‫ݒ‬ is fairly modest and the soil undergoes merely compression during the whole process of expansion.
The impacts of ‫ܴܥܱ‬ on the distributions (or evolutions) of the hardening parameter ‫‬ and anisotropy variables ߙ , ߙ ఏ , ߙ ௭ around the cavity, at the instant of బ = 2, are further given in Fig. 12 . Note that due to the constraint condition ߙ + ߙ ఏ + ߙ ௭ = 0 imposed to the anisotropy deviator tensor ߙ , among the three rotational hardening variables as presented in the figure only two of them are in fact independent, i.e., the increase in ߙ in some way must compensate for the reduction in ߙ ఏ and ߙ ௭ (Chen and Liu 2018) . Also shown in Fig. 12 is the strictly monotonic increase in ‫‬ with the decrease of radial distance, for all the three values of ‫ܴܥܱ‬ considered, which therefore provides a clear indication of the general strain hardening behaviour of the surrounding soils that occurs in the course of cylindrical cavity expansion. D r a f t Fig. 13 depicts the stress paths followed by a soil element at the cavity wall in the ‫‬ − ‫ݍ‬ plane and in the deviatoric plane ߨ for ‫ܴܥܱ‬ = 1, 2, and 4. As would be expected, the in situ stress points are located on and inside the initial yield surfaces, respectively, for ‫ܴܥܱ‬ equal to and greater than 1, see point ‫ܣ‬ and associated yield loci projected onto the ‫‬ − ‫ݍ‬ and ߨ planes.
In this figure ܻܵ ூ and ܻܵ ி correspond to the sections perpendicular to the space diagonal, of the initial yield surface encompassing through point ‫ܣ‬ and of the final yield surface through the ending stress point ‫ܨ‬ when the expanded cavity radius బ = 2. Both the two cross sections can be proved to have a circular shape (Figs. 13d, 13e , and 13f) except for the specific case of ‫ܴܥܱ‬ = 1, for which the in situ stress point locates at the rightmost of the initial yield ellipsoid and therefore the projection of the ellipsoid simply shrinks to a point ‫)ܣ(‬ on the ߨ plane. As before, the ‫‬ − ‫ݍ‬ stress path for ‫ܴܥܱ‬ = 1 (Fig. 13a) first moves upper-left and then turns upper-right towards the critical state line as cavity expansion proceeds, which is accompanied by a significant leftward move of the stress path in the deviatoric plane (Fig. 13d) . The shapes of the stress curves observed for the overconsolidated cases of ‫ܴܥܱ‬ = 2 and 4 are similar to that for the normally consolidated soil ‫ܴܥܱ(‬ = 1). The main distinct difference is that the ‫‬ − ‫ݍ‬ stress paths (Figs. 13b and 13c ) now must rise at constant ‫‬ until the initial yield loci are reached (at ‫)ܥ‬ and the corresponding stress paths in the ߨ plane (Figs. 13e and 13f ) go straight to the left due to the elastic deformation. The comparisons in Fig. 13 also show that as ‫ܴܥܱ‬ increases, the stress path tends toward the critical state line at relatively lower mean stress ‫‬ and deviatoric stress ‫.ݍ‬ Note that in Fig. 13c the ellipse passing through point ‫,ܥ‬ i.e., the cross section of the initial yield surface of ellipsoid with the plane containing both hydrostatic axis and yielding point ‫,ܥ‬ is symmetric with respect to the ‫‬ axis. This, nevertheless, by no means indicates that the initial ellipsoidal yield surface is aligned with the hydrostatic axis as well. This point probably can be D r a f t demonstrated much more clearly through Fig. 13f where the section of the yield surface ܻܵ ூ is found indeed not centred at the origin on the ߨ plane. As a matter of fact, for all the three ‫ܴܥܱ‬ cases considered in the analysis, the initial yield surfaces are virtually identical, each of them having the same level of inclination/distortion in the stress space as a result of ‫ܭ‬ consolidation.
Conclusions
A semi-analytical elastoplastic solution for the drained expansion of a cylindrical cavity in ‫ܭ‬ consolidated soils is rigorously developed, based on Dafalias' representative anisotropic Cam Clay model that is capable of capturing both the inherent and stress-induced anisotropies.
Following the novel solution scheme proposed earlier by Chen and Abousleiman (2013) , an additional auxiliary variable has been introduced to establish a link between the Eulerian and Lagrangian formulations of the radial equilibrium condition. The plastic zone solution can be eventually obtained by solving numerically a system of eight partial differential equations, which essentially involves the three stress components and three anisotropic hardening parameters both in radial, tangential, and vertical directions, specific volume, as well as the preconsolidation pressure.
The present anisotropic formulations and solutions are verified against the existing isotropic results in terms of the overall cavity responses and of the distributions of stress components and specific volume. Numerical results demonstrate that neglecting the anisotropic behaviour of the soil may lead to appreciable overestimates or underestimates of these stress and volumetric variables at some places. The great impacts of overconsolidation ratio are also clearly observed on the stress patterns outside the cavity, the development of stress-induced anisotropy, and on the stress paths as well. It is shown that the stress path tends toward the critical state line at relatively lower mean and deviatoric stresses as ‫ܴܥܱ‬ increases. The proposed analytical solution provides D r a f t a useful benchmark from which the numerical results may be evaluated for various geotechnical boundary value problems involving the sophisticated anisotropic critical state plasticity models. 
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